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An iterative spectral subtraction technique has been developed which accurately estimates the proportion of 
'dilute' and 'clustered' I(12, 3) (i.e., 5-nitroxide stearate) in human erythrocyte ghosts at 37°C, even if 
subtractant spectra free from probe-probe interactions cannot be measured due to technical limitations. 
Gordon et al. ((1985) J. Membrane Biol. 84, 81-95) earlier showed that 1(12, 3) occupies a class of 
high-affinity sites in ghosts at probe/total lipid ratios (P/L) less than 1/2250.  Saturation occurs with 
increasing probe concentration, and, at higher loading, the probe inserts itself at initially dilute sites to form 
membrane-bound dusters of variable size. Although this model allows determination of the dilute/clustered 
probe ratio, it requires subtraction of experimental spectr~t with a 'magnetically dilute' spectrum obtained 
using P/L < 1/4600.  The new methodology accurately profiles the % probe clustering in human erythro- 
cyte ghosts over the entire P/L range, even if the lowest P/L for the subtractant spectrum contains 
substantial probe-probe interactions (i.e., P/L of 1 / 6 0 4  or 1/303).  Application of either the subtraction 
technique in Gordon et al. (1985) or the iterative subtraction protocol described here should allow 
determination of probe clustering in a wide range of l(12,3)-Iabeled biological membranes. 

Introduction 

In a classic ESR study of sarcoplasmic reticu- 
lum at 37°C, Scandella et al. [1] demonstrated 
that a spin-labeled phospholipid migrates rapidly 
in the plane of the lipid bilayer with a lateral 
diffusion coefficient (Lo) of 6 .10  -8 cm2/s. By 
assuming that the phospholipid spin probe parti- 
tions ideally into the membrane, diffusion rates 

Abbreviations: ESR, electron spin resonance; 1(12, 3), the N- 
oxyl-4',4'-dimethyloxazolidine derivative of 5 '-ketostearic acid; 
P / L ,  the ratio of probe molecules to total lipid molecules; L D, 
lateral diffusion coefficient (cm2/s). 
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were calculated from the spectral broadening due 
to the spin-exchange that occurs between colliding 
probe molecules. 

Despite the success of the above diffusion model 
in interpreting the broadened ESR spectra of 
spin-labeled phospholipids in sarcoplasmic reticu- 
lum, it is not applicable for other membranes 
labeled with spin probes that do not resemble 
endogenous components. One example of an 'un- 
physiologic' label is the fatty acid derivative, 
1(12, 3). This probe has been widely used since it 
readily incorporates into a variety of model [2] 
and biological [3] membranes. However, in a re- 
cent investigation of human erythrocyte ghosts 
labeled with 1(12,3) at 37°C, spectral alterations 
occurring with increased probe/total  lipid ratios 
(P/L) were not principally due to the spin-ex- 
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change between probe molecules which collide 
when executing rapid lateral diffusion [4]. Instead, 
a model was developed for 1(12, 3) distribution in 
which the spin probe occupies a class of high-af- 
finity, non-interacting sites at low loading. Satura- 
tion occurs when the probe concentration is in- 
creased, and, at higher loading, the probe inserts 
itself at initially dilute sites to form membrane- 
bound clusters of variable size. No 'low' probe 
remains at higher P/L where all 1(12, 3) clusters 
in a 'concentrated' phase. Assuming that the ex- 
change-rate between 'clustered' and 'low' states is 
slow on the ESR time-scale (10-s s), subtractions 
of 'low' spectra * from intermediate-range spectra 
were performed to artificially simulate the alter- 
ations seen upon probe addition, and to assess 
relative proportions of concentrated and dilute 
probe from double integrations of component 
spectra. Thus, 1(12, 3) interactions in erythrocyte 
ghosts are not consistent with the diffusion model 
but instead resemble the phase separation of en- 
riched phospholipid spin probe observed in 
sarcoplasmic reticulum below 20 o C [1]. 

However, the above protocol for determining 
probe clustering is subject to technical limitations. 
A P/L of 1/4600 was confirmed as being 'mag- 
netically-dilute' in 1(12, 3)-labeled human erythro- 
cyte ghosts only when subtraction of a spectrum 
at a P/L of 1/16000 from that of 1/4600 gave 
background noise. For membranes labeled with 
such extremely low P/L, obtaining suitable spec- 
tra requires an ESR spectrometer with high sensi- 
tivity, elevated membrane concentrations (> 50 
mg lipid/ml), and/or  signal-averaging over ex- 
tended times (about 1 h). In practice, these condi- 
tions may be difficult to meet. Since a given 
membrane (e.g., plasma membrane) must fre- 
quently be prepared so that it is free of con- 
taminating organelles (e.g., endoplasmic reticu- 
lure, mitochondria), high yields of pure mem- 
branes are the exception. Moreover, whole cells 
are often used in spin-label experiments, and, in 
such instances, membrane concentrations can be 
raised only to that level found with packed cells. 

* For human erythrocyte ghosts at 37°C, the ' low', or 'mag- 
netically-dilute', P/L range is < 1/2250, the ' intermediate'  
P/L range is 1/2250 to 1/24, and the 'very-high' P/L 
range is > 1/24 [4]. 
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Lastly, signal-averaging experiments are not relia- 
ble for assigning 'magnetically-dilute' spectra if 
the ESR signal changes with time. 

In this paper, a method is developed to esti- 
mate probe clustering in human erythrocyte ghosts 
at 37°C that does not require isolation of the 
'magnetically-dilute' spectrum (P/L < 1/4600). It 
is based on the previous finding that: (i) 'magneti- 
cally-dilute' probe occurs to varying degrees in the 
intermediate range; and (ii) the 'clustered' compo- 
nent is not unique for each probe concentration in 
the intermediate range, but consists of variable-size 
clusters that are shared to some extent in the 
various 'concentrated' states [4]. Hence, an 'inter- 
mediate-range' spectrum of 1(12, 3)-labeled 
erythrocyte ghosts at a P/L of 1/604 may be 
incrementally subtracted from a spectrum at higher 
P/L (e.g., 1/303 or 1/101) to yield the spectral 
alterations seen experimentally on raising the 
probe concentration. If the non-magnetically-di- 
lute P/L of 1/604 is used as the subtractant 
spectrum rather than that of the 'magnetically-di- 
lute' P/L of 1/4600, then double integration of 
the residual spectrum obtained at the subtraction 
endpoint yields an 'apparent' clustering which un- 
derestimates the actual clustering. Nevertheless, 
accurate estimates of the true probe clustering 
may be obtained by using, as subtractant species, 
spectra of membranes labeled with P/L ranging 
from 1/604 to that of the experimental spectrum 
to be subtracted. Plots of the % ('apparent' clus- 
tering for the given P/L) vs. the probe concentra- 
tion of the subtractant spectra may then be con- 
structed, and extrapolation of the probe con- 
centration of the subtractant spectrum to 'zero' 
produces probe clustering agreeing with that de- 
termined using the P/L of 1/4600 spectrum as 
the subtractant species. 

Materials and Methods 

1(12, 3) was obtained from Syva Co., Palo Alto, 
CA, and thin-layer chromatographic analysis dem- 
onstrated negligible impurities. All other reagents 
were obtained from Sigma Chemical Co., St. Louis, 
MO. 

Human erythrocyte ghosts were obtained ac- 
cording to Dodge et al. [5] and suspended in 100 
mM tris (pH 7.4) at 5 mg protein/ml. Samples 
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were used after storage at - 2 0  o C. Protein was 
determined by the method of Hartree [6]. Ghosts 
were assumed to be 50% protein and 50% lipid on 
a weight basis. 

Spin-labeling of ghosts was performed as de- 
scribed earlier [4]. The extent of 1(12, 3) incorpo- 
ration was tested by comparing the amount of 
probe added to the ghost suspension (i.e., /~g 
1(12, 3) /mg protein 'wt') with the paramagnetic 
spins observed in the microwave cavity (i.e., #g 
1(12, 3) /mg protein 'spins'). The number of spins 
was calculated from the ratio of the double-in- 
tegrated spectrum of 1(12, 3)-labeled ghosts with 
that of the Varian strong-pitch reference (0.1% 
pitch, with 3.1015 spins in 5.5 mm [1,4]). The spin 
label/membrane ratios for the probe in the cavity 
were 0.80 to 45 #g I(12,3)/mg erythrocyte protein 
(or 1 probe per 604 to 9 lipid). The P / L  was 
calculated assuming all lipid to be phospholipid 
and cholesterol [5]. 

ESR spectra of 1(12, 3)-labeled erythrocyte 
ghosts (Fig. 1) were recorded with a Varian E-104A 
spectrometer equipped with a temperature regu- 
lator. Pipettes containing the sample were placed 
in a special holder (attributed by Gaffney to R. 
Kornberg [7] and fabricated out of Kel-F by John 
Markel (J & M Specialities, San Diego, CA)) 
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Fig. 1. ESR spectrum of I(12, 3)-labeled human  erythrocyte 
ghosts at 37°C ,  recorded with an 8 min scan time, 5000 
receiver gain, 2 gauss modulat ion amplitude, 10 mW  micro- 
wave power, and 1 s time-constant. Outer and inner hyperfine 
splittings, 2TtL and 2T±, were measured as shown; 2T± was 
corrected by the addition of 1.6 gauss [2]. The peak-to-peak 
distance of the central line ( A H )  is indicated. Respective 
heights of the central line (ho)  and the high-field peak of the 
inner hyperfine doublet (h 1) are shown. The /tg p r o b e / m g  
protein and P / L  ratios, determined from the number  of spins 
in the spectrum, were 0.80 and 1/604,  respectively (see Materi- 
als and Methods and Scandella et al. [1]). The horizontal bar 
indicates 10 gauss. 

which was mounted in the temperature accessory. 
This holder facilitates reproducible positioning of 
the capillary pipette, and is critical for performing 
accurate spectral subtractions. The spectra were 
digitized into 1470 points with a Hewlett-Packard 
7470A plotter and 9816 computer. Additions, sub- 
tractions and integrations were performed on 
stored data. Computer programs written in Hew- 
lett-Packard's HPL language are available from 
the authors on request. 

Probe-probe interactions have also been esti- 
mated using three empirical parameters [3,8,9]. 
The first involves measuring the peak-to-peak 
width of the central line (i.e., AH of Fig. 1). 

A H  = A H  o + Andi  p + AHex (1) 

where AH o is the linewidth without interactions, 
A Hai p is the line broadening caused by magnetic 
dipolar interaction, and AHe~ is contributed by 
spin-spin exchange [3]. Enhanced probe-probe in- 
teractions increase A H. 

The second measure is based on the observa- 
tion that T j_, but not Tql, broadens with increasing 
P / L  in various membranes, including erythrocyte 
ghosts [3,9,10]. Thus, with ATll remaining zero, 
positive increases in T±(AT.L ) indicate greater 
probe-probe interactions. 

The third parameter depends on the height of 
the high-field peak of the inner hyperfine doublet 
(h_~ in Fig. 1) decreasing with respect to that of 
the central line (ho): h_ l /h  o declines as the probe 
concentration is elevated [3,8]. 

Results and Discussion 

Spin-labeling of human erythrocyte ghosts 
1(12, 3) incorporation was tested by comparing 

the weight of the probe added to membranes (Fig. 
2) with that calculated from the spins in the 
spectrum. For/~g probe/mg protein 'wt' ratios of 
2 to 500, erythrocyte ghosts show only a limited 
capacity for 1(12, 3), uptake. Progressively de- 
creased incorporation occurred at higher loading. 
These results are consistent with earlier probe 
titrations which indicated that 1(12, 3) binds to 
the ghosts at specific membrane sites [4]. For low 
levels of bound probe, 1(12, 3) apparently binds to 
a single class of high-affinity sites. However, the 
I(12, 3)-binding isotherm exhibits such significant 



curvature at high loading (see Fig. 2B of Ref. 4) 
that the probe uptake is reduced. Although one 
explanation for this behavior is that 1(12, 3) binds 
to two classes of independent sites, it is more 
likely that the probe-membrane sites, when oc- 
cupied at high loading, act through a cooperative 
mechanism to inhibit further 1(12, 3) binding (see 
below and ref. 4). 

One cautionary note should be raised con- 
cerning the above measurement of spin-probe con- 
centrations. To the extent that the dielectric loss 
and lens effect, and also the filling factor, of the 
membrane sample differ from those of the 
Strong-Pitch, uncertainty will be introduced into 
the measurement of the absolute number of spins. 
However, all comparisons are here made between 
erythrocyte ghosts labeled with varying amounts 
of probe (Fig. 2). The critical point is whether the 
instrument responds linearly over a wide range of 
spins. This was tested by preparing a concentrated 
stock solution of 1(12,3) in 100% ethanol, and 
using it to make dilute probe aliquots to match 
those concentrations in Fig. 2. The number of 
spins, determined from double-integration of the 
spectra of I(12, 3) in ethanol and Strong-Pitch, 
increased linearly with increasing amounts of 
1(12,3) in ethanol. On the other hand, the corre- 
sponding plot for 1(12, 3)-labeled erythrocyte 
ghosts plateaued at high probe loading, con- 
firming reduced probe uptake with increasing 
probe concentrations (data not shown). 
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Fig. 2. Plot of % recovered spins vs. weight of probe added to 
60 ~1 membrane aliquots. % Recovered spins were calculated 
from the ratio of the probe weight added to the sample (i.e., jag 
probe/rag protein 'wt') to that determined from the spins in 
the spectra (i.e., t~g probe/mg protein 'spins'). Ghosts were 
suspended at 12, 42 or 83 mg protein/ml ( + )  (data adapted 
from Ref. 4) or 5 mg protein/ml (A) (this report). 
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The reduced I(12, 3) uptake at high loading is 
due to the erythrocyte ghosts having a limited 
capacity for binding probe. Excess probe remains 
on the side of the microfuge tube as a waxy 
deposit [4]. This was verified by adding ethanol to 
the tube containing I(12, 3)-labeled membranes at 
50% (v/v). Such treatment completely solubilizes 
both probe and membrane, leaving only an iso- 
tropic spectral component indicating 1(12,3) freely 
tumbling in solution. If a dilution correction is 
included, double integration of these spectra shows 
100% recovery of 1(12,3) spins for each /~g 
probe/mg protein 'wt' ratio in Fig. 2. 

To test whether the Strong-Pitch calibration 
yields an accurate absolute number of spins, a 
1(12, 3) preparation was examined that was found 
to be greater than 95% pure on thin-layer chro- 
matography [3]. Using the double-integration 
technique, the number of spins determined for 
1(12, 3) in ethanol (25 mg probe/  2 ml ethanol) 
was within experimental error to that calculated 
assuming all probe molecules to have an unpaired 
electron. This suggests that discrepancies between 
dielectric constants and sample geometries do not 
introduce significant error into calculation of ab- 
solute spins. 

Since/tg probe/mg protein 'wt' does not accu- 
rately indicate probe insertion, all P / L  (or /~g 
probe/mg protein) ratios used in the following 
experiments were assessed from the paramagnetic 
spins of the spectrum. 

Effects of 1(12, 3) concentration on spectra of hu- 
man erythrocyte ghosts 

The ESR spectra of I(12, 3)-labeled erythrocyte 
ghosts were recorded with P / L  ranging from 
1/604 to 1 /9  (Fig. 3). At a P / L  of 1/604, the 
spectrum indicates that the probe undergoes rapid 
anisotropic motion about its long molecular axis 
at 37 ° C (Fig. 3a). Raising the P / L  from 1/604 to 
1/24 decreased h_ 1 with respect to h o, displaced 
downward the high-field baseline and upward the 
low-field baseline, increased 2T~_ and AH and left 
2T, unchanged (Fig. 3b-f). Further increasing the 
P / L  above 1/24 achieved a 'very-high' range, 
denoted by noticeably broadened spectra and 
sloping baseline (Fig. 3g). Hyperfine splittings and 
A H could not be measured at this high loading. In 
the 'very-high' range, liquid-lines were present 
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Fig. 3. ESR spectra of human erythrocyte ghosts (5 mg pro- 
tein/ml at 37°C) labeled with varying concentrations of 
I(12, 3). Lipid/probe (/~g probe/rag protein) ratios were: (a) 
604 (0.80); (b) 303 (1.59); (c) 101 (4.77); (d) 75 (6.44); (e) 41 
(11.67); (f) 24 (20); (g) 9 (45). The liquid lines indicated by 
arrows in Fig. 3g are due to I(12, 3) tumbling rapidly in 
aqueous solution. The horizontal bar indicates 10 gauss. 

due to the probe tumbling rapidly in the aqueous 
solution. 

Similar probe-dependent spectral alterations 
have been reported both with I(12, 3)-labeled in- 
tact erythrocytes [11], and erythrocyte ghosts 
[10,12]. For reasons described in detail elsewhere 
[3,4,8-10], these perturbations are probably not 
due to probe-dependent fluidizations of the mem- 
brane, but rather are the result of enhanced A He, 
arising from I(12, 3) interactions. Although no 
single spectral feature for ghosts labeled with a 
P / L  of 1/604 is characteristic of exchange-broad- 
ening, comparison of Fig. 3a with spectra of hu- 
man erythrocyte membranes labeled with a P / L  
of 1/16000, 1/4600 or 1/2250 (Fig. 3ab of Ref. 
4) indicates significant radical interactions. 

Physical models of membrane-probe distribution 
It is important to establish the physical basis 

for probe-probe interactions. One possibility is 
that 1(12,3) partitions uniformly into bulk-mem- 
brane lipid, and the spectral broadening is prin- 
cipally due to spin exchange between probe mole- 
cules which transiently collide when executing 
rapid lateral diffusion. Although this diffusion 
model may be appropriate for analyzing phos- 
pholipid spin probes incorporated into model and 

biological membranes [1], it is completely inade- 
quate for the I(12, 3)-erythrocyte ghost system for 
several reasons. First, the Scandella et al. [1] model 
implicitly requires that the I(12, 3) probe parti- 
tions into red cell membranes as an infinitely-di- 
lute solute in an ideal solvent. However, Fig. 2 
shows that probe uptake by the membrane is 
substantially reduced at those P / L  where spectral 
broadening occurs. Thus, probe uptake cannot 
here be interpreted in terms of a partitioning 
phenomenon. Instead, it must reflect: (i) 1(12, 3) 
binding to two classes of independent sites (i.e., 
'low'- and 'high'-affinity sites) and/or  (ii) cooper- 
ative binding, such that I(12, 3) uptake is reduced 
at high probe loading (see Ref. 4). Since the 
decreased probe uptake occurs at the same P / L  
where spectral broadening occurs, an important 
initial condition for legitimately mixing in spin- 
spin exchange via modified Bloch equations [13] 
has been invalidated. Second, following the 
Scandella et al. [1] model, a L D of 3- 10-Tcm2/s 
may be calculated from the AH broadening (Fig. 
4A of Ref. 4). Thus, the Scandella et al. [1] model 
provides a physically impossible description of 
I(12, 3) distribution and dynamics in erythrocyte 
ghosts. The above L D would rank erythrocytes as 
one of the most fluid biological membranes ever 
examined. Yet, this picture disagrees with the 
finding that the I(12, 3)-labeled erythrocyte is one 
of the least fluid membranes, as assessed by order 
parameters sensitive to probe flexibility. Also, it is 
well known that penetrant proteins and incor- 
porated fluorescent probes each have low L o in 
the erythrocyte membrane [4]. 

In an earlier study, Gordon et al. [4] developed 
an alternative, cluster model to show that the 
broadened spectra of I(12, 3)-labeled erythrocyte 
ghosts reflect: (i) an anisotropic spectrum due to 
the magnetically-dilute probe molecules occupying 
membranes sites; and (ii) 'concentrated' spectra 
that do not necessary reflect a unique species, but 
instead represent variable-sized clusters in the 
membrane. This model presumes that the probe- 
exchange between 'dilute' and 'concentrated' states 
is slow on an ESR time-scale (10 -8 s), but makes 
no implicit assumption about the nature of the 
'concentrated' spectrum. In Gordon et al. [4], the 
above model was tested by subtracting incremen- 
tal amounts of a low-range spectrum ( P / L  = 



1/4600) from intermediate-range spectra with 
P/L ranging from 1/2250 to 1/38. After estab- 
lishing the subtraction endpoint, relative propor- 
tions of 'dilute' and 'concentrated' probe were 
assessed by double integration of component spec- 
tra. The principal legitimacy of subtracting low- 
range spectra from intermediate-range spectra re- 
sts on the accurate simulation of spectral features 
observed experimentally at higher loading. When 
such subtractions are performed, the key parame- 
ters (i.e., 2TII, 27"1, AH, h_l/ho) each change in 
the direction seen experimentally with increasing 
probe concentration (Figs. 10, 11 of Ref. 4). 

Using the above cluster model, Gordon et al. 
[4] showed that intermediate-range spectra of 
ghosts (P/L of 1/604 to 1/24) were composites 
reflecting 'dilute' probe and membrane-bound 
clustered (or 'concentrated') probe [4]. Only at low 
P/L (< 1/2250) does 1(12, 3) bind to high-affin- 
ity sites to yield 'magnetically-dilute' spectra. 
Saturation occurs with increasing P/L and, at a 
higher loading (P/L of 1/604 to 1/24), occupied 
sites act as nuclei for inserting additional probe. 
The affinity of occupied sites for additional I(12, 3) 
is much less than that of unoccupied sites at low 
P//~. 

Estimation of 1(12, 3) clustering in human erythro- 
cyte ghosts 

The analysis of Gordon et al. [4] is modified 
here to consider if probe clustering may be esti- 
mated using, as the subtractant species, the inter- 
mediate-range spectra (e.g., P/L = 1/604) where 
some of the probe interactions are manifest. This 
approach is based on the subtractant spectrum at 
a P/L of 1/604 being primarily due to 'dilute' 
probe [4] and having a probe distribution shared 
to some extent by membranes at higher P/L. 
Subtraction with the 1/604 spectrum may provide 
an estimate of the actual probe clustering for 
membranes labeled with more probe. Accordingly, 
incremental amounts of the 1/604 spectrum (Fig. 
4b) were subtracted from a higher P/L (1/303) 
spectrum (Fig. 4a). Fig. 4c-g shows that the 'sub- 
tracted' spectra accurately mimic those alterations 
observed when 1(12, 3) is added to ghosts labeled 
with a P/L of 1/303 (Fig. 3c-f). That is, remov- 
ing the P/L of 1/604 spectrum increased 2TL 
and AH, decreased h a/h o, but left 2Tjj unaf- 
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Fig. 4. Subtraction spectra, obtained by subtracting increasing 
amounts of an intermediate-range spectrum (b) at a PIlL = 
1//604 from another intermediate-range spectrum (a) at a higher 
loading of PIlL = 1//303; h o of (b) is normalized to that of (a). 
(c), (d), (e) and (f) are residual spectra, with double-integrated 
intensities of 84%, 68%, 53% and 37% of that of the unsub- 
tracted PIlL = 1//303 spectrum. (g) This is the spectral end- 
point of the subtraction (i.e., 'apparent  concentrated' spec- 
trum) as defined in the text. 'Apparent dilute' and 'apparent  
concentrated' probe are 79 and 21; and were determined from 
double integration of the (a) and (g) spectra. (h) and (i) are 
residual spectra, with double-integrated intensities of 5.2% and 
0.3% of that of the unsubtracted P//L= 1//303 spectrum, These 
are over subtracted, as indicated by the descent of the mid-field 
peak (see arrow). The horizontal bar indicates 10 gauss. 

fected. The subtraction endpoint was identified by 
the high-field peak of the central band failing 
below the baseline (see arrow in Fig. 4i). This is 
due to oversubtraction such that the 1/604 spec- 
trum appears in inverse phase. 

Despite some probe-probe interactions occur- 
ring in the P/L of 1/604 spectrum, the above 
results suggest that subtracting this spectrum from 
the one at a P/L of 1/303 is a legitimate oper- 
ation, since the spectral changes seen at higher 
loading are appropriately simulated. It is of inter- 
est to consider the intermediate-range spectrum 
from which all P/L of 1/604 has been removed 
(Figs. 4g, 8a). This 'concentrated' spectrum shows 
anisotropic properties, such as a well-defined in- 
ner splitting, and also broadened characteristics 
due to radical interactions; the 'concentrated' 
probe is probably membrane-bound and clustered. 
Double integration of the component spectrum 
(Fig. 4g) indicates that the P/L of 1/303 spec- 
trum consists of probe in the '1/604' state (79%) 
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and the 'concentrated' state (21%). However, the 
proportion of probe in the 1/604 state is more 
properly defined as 'apparent dilute', while that in 
the unsubtracted portion of the 1/303 spectrum 
(Figs. 4g, 8a) is 'apparent concentrated'. Because 
probe-probe interactions are present in the 1/604 
spectrum, the 'apparent concentrated' (21%) and 
'apparent dilute' (79%) states determined from the 
1/303 spectrum (Fig. 4g) are underestimated and 
overestimated, respectively (see below). Clearly, 
there is considerable 1/604 spectral character re- 
siding in the 1/303 spectrum, consistent with our 
working hypothesis that a portion of the probe 
distribution at P/L of 1/604 is shared by the 
1/303 state. 

Applying this subtraction protocol to the inter- 
mediate-range spectra at higher loading (i.e., sub- 
tracting P/L of 1/604 from 1/101, 1/75 and 
1/24) also generated spectral changes (Figs. 5-7) 
which are seen experimentally with increases in 

the probe/lipid (Fig. 3a-f). Here, however, end- 
points were assigned by the central band first 
becoming asymmetric and then a shoulder arising 
on its high-field side (Figs. 5-7). Each of these 
effects was the result of oversubtraction such that 
the P/L of 1/604 spectrum appears in inverse 
phase. 'Apparent concentrated' spectra were de- 
termined as those immediately before central-band 
peak asymmetry and shoulder (Figs. 5f, 6f, 7d). In 
each instance, the 'concentrated' spectrum is char- 
acteristically broadened over the corresponding 
unsubtracted spectrum, with increased 2T 1 and 
AH, decreased h_l/h o, and 2Tll unchanged (Fig. 
8b-d). It was not possible to remove any P/L of 
1/604 spectrum from a 'very-high' range spec- 
trum (e.g., Fig. 3g) without oversubtracting, and 
therefore suggests that there is no '1/604' char- 
acter in the P/L of 1/9  spectrum. 

The percentage of 'apparent' probe clustering, 
which was assessed from the residual spectrum 
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Fig. 5. Subtraction spectra, obtained by subtracting increasing 
amounts  of an  intermediate-range spectrum (b) at a P / L  = 

1/604  from another  intermediate-range spectrum (a) at a higher 
loading of P / L  = 1/101; h o of (b) is normalized to that of  (a). 
(c), (d) and (e) are residual spectra, with double-integrated 
intensities of  87%, 74%, and 60% of that of the unsubtracted 
P / L  = 1/101 spectrum. (f) This is the endpoint  of the subtrac- 
tion (i.e., ' apparent  concentrated'  spectrum) as defined in the 
text. 'Apparent  dilute' and ' apparent  concentrated'  probe are 
46 and 54%, and were determined from double integration of 
the (a) and (f) spectra. (g) and (h) are residual spectra, with 
double-integrated intensities of  33% and 19% of that of the 
unsubt rac ted  P / L  = 1/101 spectrum. These are over- 
subtracted, as indicated by the asymmetry of the central band 
and appearance of a shoulder due to the subtractant spectrum 
in inverse phase (see arrow). The horizontal bar indicates 10 
gauss. 
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Fig. 6. Subtraction spectra, obtained by subtracting increasing 
amounts  of an intermediate-range spectrum (b) at a P / L  = 

1/604 from another intermediate-range spectrum (a) at a higher 
loading of P / L  = 1/75;  h o of  (b) is normalized to that of (a). 
(c), (d) and (e) are residual spectra, with double-integrated 
intensities of 95%, 89% and 84% of that of the unsubtracted 
P / L  = 1/75 spectrum. (f) This is the spectral endpoint  of the 
subtraction (i.e., ' apparent  concentrated'  spectrum) as defined 
in the text. 'Apparent  dilute' and ' apparent  concentrated'  
probe are 22 and 78%, and were determined from double 
integration of the (a) and (f) spectra. (g), (h) and (i) are 
residual spectra, with double-integrated intensities of 73%, 67% 
and 62% of that of the unsubtracted P / L  = 1 /75  spectrum. 
These are oversubtracted, as indicated by the asymmetry of the 
central band and appearance of a shoulder due to the subtrac- 
rant spectrum in inverse phase (see arrow). The horizontal bar 
indicates 10 gauss. 
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obtained by subtracting all 1/604 spectrum from 
the spectra recorded at higher loading, is plotted 
as a function of the probe concentration in Fig. 9. 
This plot is contrasted with that obtained earlier 
by using a 'magnetically-dilute' P/L of 1/4600 as 
the subtractant species (Fig. 9; Ref. 4). For each 
probe concentration below 10/tg I(12, 3) /mg pro- 
tein, the 1/604 curve is right-shifted from the 
corresponding 1/4600 curve. Although similar 
values are seen for P/L > 1/50, poorer agreement 
is observed for lower P/L. For P/L between 
1/604 and 1/50, the 1/604 curve consistently 
underestimates 1(12, 3) clustering. 

The behavior of the 1/604 curve in Fig. 9 is 
readily interpreted in terms of the known 1(12, 3) 
distribution in erythrocyte ghosts. Fig. 10 is a 
schematic diagram showing the relative propor- 
tion of dilute and clustered probe in erythrocyte 
lipid, and is based on % clustering determined 

0 

b 

C 

d 

? 

9 

h 

LIptdlprobe 

6O4 

Fig. 7. Subtraction spectra, obtained by subtracting increasing 
amounts of an intermediate-range spectrum (b) at a P/L 
1/604 from another intermediate-range spectrum (a) at a higher 
loading of P/L =1/24 ;  h o of (b) is normalized to that of (a). 
(c) The residual spectrum, with a double-integrated intensity of 
99.5% of that of the unsubtracted P/L = 1/24 spectrum. (d) 
This is the spectral endpoint (i.e., 'apparent concentrated' 
spectrum) of the subtraction as defined in the text. 'Apparent 
dilute' and 'apparent concentrated' probe are 1 and 99%, and 
were determined from double integration of the (a) and (d) 
spectra. (e), (f), (g) and (h) are residual spectra, with double-in- 
tegrated intensities of 98.5%, 98.0%, 97.5 and 97.0% of that of 
the unsubtracted P/L=l/24 spectrum. These are over- 
subtracted, as indicated by the asymmetry of the central band 
and appearance of a shoulder due to the subtractant spectrum 
in inverse phase (see arrow). The horizontal bar indicates 10 
gauss. 

C 

Fig. 8. Intermediate-range spectra and corresponding 'ap- 
parent concentrated' spectra, obtained by subtracting out all 
P/L of 1/604 spectrum from the intermediate spectrum. (a) 
Top is P/L of 1/303 spectrum (Fig. 4a), while bottom is 
'apparent concentrated' component of the 1/303 spectrum 
(Fig. 4g). (b) Top is P/L of 1/101 spectrum (Fig. 5a), while 
bottom is "apparent concentrated' component of the 1/101 
spectrum (Fig. 5f). (c) Top is the P/L of 1/75 spectrum (Fig. 
6a), while bottom is 'apparent concentrated' component of the 
1/75 spectrum (Fig. 6f). (d) Top is the P/L of 1/24 spectrum 
(Fig. 7a), while bottom is 'apparent concentrated' component 
of the 1/24 spectrum (Fig. 7d). All h o are normalized. Hori- 
zontal bars indicate 10 gauss. 

from the 1/4600 curve in Fig. 9 [4]. It is apparent 
that 'magnetically-dilute' sites are common to Figs. 
10A-D. Furthermore, although 'clustered' probe 
does not represent a single component, 'con- 
centrated' states appear to be related, with varia- 
ble-sized clusters being shared to some extent in 
the various 'concentrated' states. This model was 
based on an earlier finding that the removal of the 
'low' from the intermediate-range spectra does not 
yield a unique component characteristic of clus- 
tered probe, but instead a family of broadened, 
'concentrated' spectra with probe-probe interac- 
tions ranging from minimal (Fig. 10B, illustrative 
of Fig. 12b of Ref. 4) to extreme (Fig. 10D, 
illustrative of the spectrum of Fig. 12e in Ref. 4). 
Consequently, incremental subtraction of the 
1/604 state (Fig. 10B) from either 1/303 (Fig. 
10C) or 1/101 (Fig. 10D) would be expected to 
yield spectral changes observed experimentally 
with higher loading, since both 'dilute' and 'clus- 
tered' states are shared to some extent by all these 
probe concentrations. Because 'dilute' and 'clus- 
tered' states occur in the 1/604 spectrum, how- 
ever, % 'apparent clustering' for either 1/303 or 
1/101 would be expected to be underestimated 
since subtraction of 1/604 would remove portions 



210 

L~pld, proLe 
500 i00 50 25  

]D - - 7 - -  

(11 
4~ 8O 

LD 

4J 40  / 

@ 

L 
O 
EL 0 - --~ 

i J ~L_ 
5 i0 15 20  

Hg probe/mg protein 

Fig. 9, Plot of the relative percentage of I(12, 3) in 'clustered' 
states as a function of probe concentration at 37°C. Actual 
clustered spins (+ )  were calculated from those present in the 
concentrated spectrum, obtained at the titration endpoint of 

subtracting the low-range (P/L =1/4600) spectrum from in- 
termediate-range spectra [4]; 'concentrated' spins were then 
assessed by double integration of component spectra. 'Ap- 
parent clustered' spins were here determined from the residual 
spectrum, obtained at the titration endpoint of subtracting 
intermediate-range spectra from spectra at higher loading. 
Spectra at the following P/L were used as subtractant species: 
1/604 (zx), 1/303 (El), 1/101 (v), 1/75 (U), 1/41 ( ~ )  and 1/24 
(O). 'Apparent concentrated' spins were assessed by double 
integration of residual spectra from which all of the subtrac- 
tant spectrum had been removed (e.g., Figs. 4g, 5f, 6f, 7d). 
Zero percent 'apparent clustering' for the 1/604, 1/303, 1/101, 
1/75, 1/41 and 1/24 curves represents the double integration 
of the intermediate-range spectrum subtracted from itself (i.e., 
the null spectrum). 

A 

• • • • 

• ~ mm • ~ • 
• • • 

• mm • • 

• mm m~ • • 
• • • mm 

mi" 
• ~ ',~mmi~mi'} F-" 

Fig. 10. Schematic of I(12, 3) distribution in human erythrocyte ghosts, calculated from the data of Fig. 9 ( + )  using a P/L of 1/4600 
as the subtractant spectrum, at the following P/L: (A) 1/4600 ('low'); (B) 1/604 ('intermediate'); (C) 1/303 ('intermediate'); and 
(D) 1/101 ('intermediate'). The diagram is a view perpendicular to the membrane bilayer. For illustrative purposes, the area of 
I(12, 3) is assumed to be five times that of erythrocyte lipid. Probe molecules are represented by (m), while white space is erythrocyte 
lipid. % Clustered for lipid/probe ratios of 4600, 604, 303 and 101 are 0, 19, 38 and 78, respectively [4]. Clustered states enclosed by 
dashed lines are shared in (B), (C) and (D). Similarly, clustered states enclosed by solid lines are shared in (C) and (D). 



of all common states. Thus, subtraction of either 
1/4600 or 1 /604 from higher-range spectra is a 
meaningful operation due to the nature of the 
'dilute' and 'clustered' states occurring in the 
membrane. 

The above suggests that additional % 'apparent  
clustering' versus probe concentration curves may 
be constructed, using as the subtractant species 
P/L of 1/303, 1/101, 1 /75 or 1/24. For exam- 
ple, since both 'dilute' and 'clustered' states are 
common to P/L of 1/303 and 1/101 (illustrated 
in Fig. 10C, D), subtraction of 1/303 from 1/101 
should yield a percent 'apparent clustering' that is 
less than that obtained with either 1 /604 or 
1/4600 as the subtractant spectrum (Fig. 9). In- 
deed, % 'apparent clustering' vs. probe concentra- 
tion are progressively right-shifted for subtractant 
spectra with higher probe concentration. 

The data in Fig. 9 may be replotted to permit 
accurate estimation of the probe clustering occur- 
ring at a given P/L, even if subtractant spectra 
free of p robe-probe  interactions cannot be re- 
corded owing to the technical limitations already 
discussed in the Introduction. Fig. 11 is a plot of 
the % (clustering for a spectrum at a given P/L) 
versus the probe concentration of the subtractant 
species. Each point is the % 'apparent clustering', 
obtained from double integration of the residual 
spectrum left after subtracting to the titration 
endpoint an intermediate-range spectrum from 
that of membranes labeled with a higher (or equal) 
P/L. Each curve in Fig. 11 was constructed from 
successive subtractions of a given P/L spectrum 
with spectra measured with a range of P/L. These 
curves may be extrapolated to a 'zero' probe con- 
centration for the subtractant spectrum (Fig. 11), 
and the percentage clustering at the y intercept 
represents the 'best estimate' of the clustering 
occurring in the original, unsubtracted spectrum. 
Since no lower P/L than 1/604 was used, the 
'best  estimate' for the probe clustering at this 
P/L is zero (Fig. 11). 

The above extrapolated % probe clustering val- 
ues permit a much better estimate of the actual 
probe clustering than does the ' apparen t  clus- 
tering', assessed by using only the P/L of 1 /604 
as the subtractant spectrum (Fig. 9). Fig. 12 shows 
that the 'best  estimate' of the probe clustering 
curve, derived from the extrapolations of Fig. 11, 
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Fig. 11. Plot of the percent probe clustering in the subtracted 
spectrum versus the probe concentration of the subtractant 
spectrum. P/L ratios for the subtractant spectra ranged from 
1/604 to 1/24. Probe clustering was assessed from the data of 
Fig. 9. Data points are 'apparent clustering' values which 
underestimate the actual clustering occurring in the membrane, 
while extrapolated curves to 'zero' probe concentration repre- 
sent 'best estimates' of probe clustering (see text). Percent 
clustering was assigned for membranes labeled with the follow- 
ing P/L: 1/604 (11); 1/303 (o); 1/101 (v); 1/75 (El); 1/41 
(A); and 1/24 (+). 

nearly overlap the actual probe clustering values 
assessed using the 1/4600 spectrum as the sub- 
tractant species. It is important to note that the 
extrapolated % probe clustering in Fig. 12 may be 
employed to accurately estimate the % clustering 
in the lowest subtracted spectrum (i.e., P/L of 
1/604)  used to generate Fig. 11. Without spectra 
recorded at a lower P/L than 1/604, it is not 
possible to extrapolate the 1/604 clustering curve 
to the y intercept of Fig. 11, and the 'best esti- 
mate', considering only Fig. 11, would be simply 
zero (i.e., the double integration of the 1/604 
spectrum subtracted from itself). If, on the other 
hand, 'best estimates' of probe clustering are con- 
sidered which have been successfully extrapolated 
to 'zero' probe concentration in Fig. 11, interpola- 
tion of Fig. 12 indicates clustering of approx. 19% 
for a P/L of 1/604. This agrees well with the 
actual probe clustering observed at this P/L, ob- 
tained from earlier spectral subtractions using the 
1/4600 spectrum as the subtractant species (Fig. 
12; Ref. 4). 
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Fig. 12. Plot of actual (+) and 'best estimate' (A) probe 
clustering versus probe concentration in human erythrocyte 
ghosts at 37°C. Actual probe clustering was determined using 
a 'low' (P/L = 1/4600) spectrum as the subtractant species, 
while 'best estimate' clustering was obtained by extrapolating 
P/L curves in Fig. 11 to 'zero' probe concentration for the 
subtractant species. Since no extrapolation was possible for 
P/L = 1/604 in Fig. 11, the 'best estimate' of zero percent for 
this P/L has been omitted. 

Conclusions 

Probe-probe interactions occur at extremely 
low P / L  ratios (i.e., 1/2250) in I(12, 3)-labeled 
human erythrocyte ghosts. For reasons discussed 
earlier (see above and Ref. 4), the spectral broad- 
ening is not accurately described by rapid lateral 
diffusion of 1(12, 3), but is instead due to probe 
clustering. The spin probe occupies a class of 
high-affinity, non-interacting sites at low loading. 
Saturation occurs with increasing probe con- 
centration, and, at higher loading, the probe in- 
serts itself at initially dilute sites to form mem- 
brane-bound clusters of variable size. This cluster 
model readily accounts for the I(12, 3) uptake 
curve (Fig. 2), if the affinity of occupied sites for 
I(12, 3) is much less than that of unoccupied sites 
at low P/L. Low uptake at high P / L  may be due 
either to steric hinderance offered by occupied 
sites or to high local concentrations of negatively 
charged probe which repel additional I(12, 3). The 
validity of the cluster model centers on the accu- 
rate simulation of spectral features observed at 
higher loading by subtracting 'low-range' spectra 
from 'intermediate-range' spectra. With such sub- 
tractions, key spectral parameters (i.e., 2Tfr 2T~. 
AH, and h_l/ho) change in the direction seen 
experimentally with increasing P/L. However, it 

is important to note that such subtractions are 
unable to generate all of the spectral alterations 
seen experimentally with increasing probe con- 
centration. Since no single clustered component 
exists, we are unable to simulate experimental 
spectra by subtracting a unique 'clustered' compo- 
nent from intermediate spectra. Despite this 
caveat, the cluster model of Gordon et al. [4] is 
much more accurate in interpreting the probe 
uptake and spectral broadening of I(12, 3)-labeled 
erythrocyte ghosts than previous models. 

The new method for estimating probe clus- 
tering in human erythrocyte ghosts provides sig- 
nificant advantages over the original protocol set 
out in Gordon et al. [4]. Even though probe-probe  
interactions occur for P/L  as low as 1/2250 (i.e., 
9% 'clustered' probe), Figs. 11 and 12 show excel- 
lent estimation of probe clustering over the entire 
P / L  range using only spectra with P / L  between 
1/604 to 1/24. Indeed, Fig. 11 indicates that a 
reasonable approximation of the actual probe 
clustering versus P / L  plot in Fig. 12 is possible, 
even if only spectra between 1/303 to 1 /24  are 
used in extrapolations to the y intercept. Thus, 
the new iterative subtraction technique permits 
accurate estimation of probe clustering, without 
the necessity of recording spectra at extremely low 
P / L  of 1/16000 to 1/4600. This protocol allows 
for 26- to 53-fold increase in the P/L  ratio for the 
lowest subtractant spectrum, thereby eliminating 
the need to use high membrane concentrations 
and signal averaging. 

Moreover, this method suggests the P/L  range 
likely to yield 'magnetically-dilute' spectra. 'Best 
estimates' for probe clustering are first assessed 
using intermediate-range spectra of 1/604 to 1 /24  
(Fig. 11), and then plotted over the entire P/L  
range (Fig. 12). Subsequent interpolation of the 
'best estimate' curve with the origin in Fig. 12 
permits not only an estimate of the probe clus- 
tering in the lowest subtractant spectrum used to 
generate Fig. 11 (i.e., 19% probe clustering for a 
P / L  of 1/604), but also gives a range of what 
P / L  are likely to yield minimal probe-probe inter- 
actions (i.e., at a P / L  < 1/2250). Both estimates 
are validated by the actual probe clustering vs. 
P / L  plot in Fig. 12. 

The original subtraction technique of Gordon 
et al. [4] and the iterative subtraction procedure 



desc r ibed  here are c o m p l e m e n t a r y  tools for assign- 
ing p robe  c lus ter ing in b io logica l  membranes .  Un-  
de r  ideal  c i rcumstances ,  the sub t rac t ion  me thodo l -  
ogy of G o r d o n  et al. [4] should  be used to isolate  
'm agne t i c a l l y -d i l u t e '  spec t ra  and  de te rmine  p robe  
clustering.  If, however,  'magne t i ca l ly -d i lu t e '  spec- 
t ra  canno t  be  ob t a ined  due to technical  diff icul-  
ties, the i tera t ive  sub t rac t ion  technique is a power -  
ful a l te rna t ive  a p p r o a c h  for es t imat ing  p robe  clus- 
tering. 
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